A series of (Gd 2¹x Li x )Ti 2 O 7¹x with x = 0.0500.150, abbreviated as GLT-2L were prepared by the addition of 2x mole of LiO 0.5 self-flux in the parent compound. Preparation temperatures were between 1450 and 1500°C depending on the amount of the selfflux addition. Relative densities of all GLT-2L samples were larger than 97.9(3)%. However, the parent compound, Gd 2 Ti 2 O 7 has no LiO 0.5 co-existence, it has a relative density of 92.8(4)% only, although it was prepared at a higher temperature, 1650°C. Among the GLT-2L samples, the one with x = 0.110 has the highest total electrical conductivity, 6.17(6) © 10 ¹5 S·cm ¹1 at 700°C and the lowest activation energy, 0.95(3) eV. Doping Li + ions into the Gd-site of Gd 2 Ti 2 O 7 , preparation temperature was lowered and samples become denser. Meanwhile, vacancies were created and electrical conductivity was increased. At 500°C, average ionic transference numbers (t i ) found for all samples are fully ionic. Increasing temperature, t i decreases slightly due to the increase of the fractional electronic conductivity of the (Gd 2¹x Li x )Ti 2 O 7¹x , which is a mixed conductor at high temperature. Ti atoms are in the the mixed valence states.
Introduction
Solid oxide fuel cells (SOFCs) have been developed rapidly in recent years due to their potential for electrical power production from fossil fuels and hydrogen. They have high efficiency, low pollution and all-solid-state components. 1),2) A typical SOFC system is based on a sandwiched structure with yttria stabilized zirconia [8YSZ, (Zr 0.92 Y 0.08 O 1.96 )] or the Gd doped ceria [GDC,(Ce 0.8 Gd 0.2 O 1.9 )] as electrolyte, nickel cermet (YSZ-Ni) or NiO-8YSZ as anode and a mixed conducting oxide such as (La 1¹x Sr x )MnO 3 with a perovskite structure as cathode.
3)5)
However, high operation temperature (9001000°C) is required to ensure that the oxygen ion conducting solid electrolyte could reach high enough ionic conductivity (10 ¹1 S·cm
¹1
at 1000°C) to reduce the polarization at the interface of the electrode/electrolyte and to increase the power density of this energy production system. 6) GDC has a bigger unit cell and a higher electrical conductivity than the 8YSZ. It can be used in the intermediate temperature IT-SOFC. 7) Both 8YSZ and GDC have fluorite structure. 8) New electrolytes with a similar structure have been researched extensively. Solid oxide ionic conductors with a pyrochlore phase (A 2 B 2 O 7 ) such as, R 2 Zr 2 O 7 , R 2 Ti 2 O 7 or the partial substitution of the A 3+ or B 4+ sites with transition metal elements gain considerable attention recently. 9)12) Each formula unit of a complete ordered pyrochlore structure has an oxygen vacancy at 8b site, which is probably an advantage of these materials. 13) The complete ordered pyrochlore phase is a superstructure of the fluorite (AO 2 ). All of the atoms, such as A, B and O atoms have their own atomic sites. On the other hand, if the A 2 B 2 O 7 changes to fluorite, which is a complete disordered phase, the cations and anions are randomly distributed in the atomic sites. 14) In other words, each oxygen site has 0.875 occupancies.
The electrolyte in an SOFC requires a high relative density to prevent the fuel or the air across the electrolyte to the other side. 15) In order to have dense solid electrolyte, high sintering temperature (>1600°C) is usually used in preparation. Gd 2 Ti 2 O 7 prepared by Kharton et al. was sintered at 1500°C for 10 h and they only obtained a poor relative density of 70%.
16) R 2 Zr 2 O 7 (R = La, Nd, Sm, Eu, Gd, Y and Yb) samples were sintered at 1600°C for 10 h and they have a relative density higher than 95%.
17) R 2 Ti 2 O 7 (R = Dy, Ho, Er and Yb) samples were sintered at 1750°C to obtain dense oxides for electrical measurement. Relative density of the electrolyte is one of the key factors to influence the electrical conductivity.
18) Ivanov et al. sintered GDC ceramics with 1100 and 1300°C to obtain relative densities of 94 and 100%, respectively.
19) The one having higher relative density had a higher electrical conductivity and lower activation energy than another. Addition of flux to lower the preparation temperature and to increase the relative density is one way to prepare these materials. Li et al. used 2.5 mole% V 2 O 5 as sintering adds to prepare the LaDC (Ce 0.82 La 0.18 O 1.91 ) at 1400°C, and a pure LaDC without flux was sintered at 1600°C. The latter was still porous with a relative density of 80% and it had an electrical conductivity of 2.06 © 10 ¹2 S·cm ¹1 at 700°C measured in air. On the other hand, the LaDC prepared with 2.5 mole% V 2 O 5 had a relative density of 97% and 4.65 © 10 ¹2 S·cm ¹1 conductivity at 700°C. 20) Lowering the preparation temperature has one more advantage when the sample containing transition metal atoms which have several possible valence states. The amount of reducing state could be partially inhibited and the contribution of the electronic conduction could be lowered. For example, GDC contains cerium atoms, which would be reduced to Ce 3+ at high temperature. Reducing the preparation temperature would possibly decrease the amount of Ce 3+ atoms presence in the sample and decrease the fraction of the electronic conductivity.
21)23)
In this report, a series of (Gd 2¹x Li x )Ti 2 O 7 samples with a pyrochlore phase was prepared by the addition of the self-flux, LiO 0.5 . Preparation temperature was lowered and relative density was increased compared with the parent compound, Gd 2 Ti 2 O 7 . Electrical conductivity of the (Gd 2¹x Li x )Ti 2 O 7 is possibly enhanced. Moreover, lowering the preparation temperature, the amount of Ti 4+ atoms reduced to the Ti 3+ state would be inhibited. The fraction of the electronic conduction is lowered, which is an advantage for an electrolyte.
Experimental
(Gd 2¹x Li x )Ti 2 O 7 with x = 0.0500.150 were prepared by the addition of 2x mole of the self-flux, LiO 0.5 with the parent compounds. They were abbreviated as GLT-2L. Appropriate amount of 99.9% of Gd 2 O 3 (from Strem), 99% of TiO 2 (from Junsei) and Li 2 CO 3 (from Merck) were ball milled for 24 h with zirconia balls in acetone. GLT-2L samples were prepared at 14501500°C for 10 h, but the mother compound, Gd 2 Ti 2 O 7 was prepared at 1650°C for 10 h. Weight percent of the flux is between 0.29 and 0.90 wt % when x varies from 0.050 to 0.150, respectively. Relative density of the sintered specimens was measured by the Archimedes method using de-ionized water as a liquid medium and morphology of the sample was observed by a VEGA\\SBH Scanning Electron Microscope (SEM). Powder diffraction data were collected on the BL01C2 beam line at the National Synchrotron Radiation Research Center (NSRRC) in Taiwan operated with a ring energy and electric current of 1.5 GeV and 300 mA, respectively. Powder diffraction patterns were recorded by a Mar345 imaging plate area detector with an X-ray wavelength of 0.495941 ¡ (25 keV).
The electrical parameters were determined by the AC electrochemical impedance spectroscopy (EIS) using the fully automated Autolab PGSTAT30 Potentiostat/Galvanostat system in air in a frequency range of 1 MHz to 1 Hz and an excitation amplitude of 50 mV. A two-probe configuration, Ag«GLT-2L«Ag, was used for the electrical conductivity measurement. Silver paste was first brushed on to both sides of the disc, which is ea. 0.92 to 1.25 cm diameter and 0.14 to 0.22 cm thickness. After drying in the oven for 1 h at 700°C, Pt wires were then attached on the silver layers with silver paste and dried again. The whole set was placed in an oven. A K-type thermocouple was placed near the sample and did the measurement from 450 to 700°C. Electrical conductivity with respect to the partial pressure of oxygen was also measured by the EIS spectroscopy. Appropriate amount of oxygen and argon was allowed to flow into the sample chamber to control the oxygen partial pressure. Percentage of the oxygen partial pressure was varied from 10 to 100%. Flowing rate was fixed by a mass flow controller to 100 sccm. The electromotive forces (EMFs) were measured on an oxygen concentration cell, in which ambient air was employed as a reference to one side of the sample, and a mixed gas (ea. 7585% oxygen and 2515% argon) was introduced to another side of the cell. The whole system was allowed to stabilize under each condition before the measurement. The theoretical potential was calculated by the Nernst equation for the oxygen concentration cell. 24) 
Results and discussion
A series of GLT-2L having a chemical formulas of (Gd 2¹x Li x )-Ti 2 O 7 with x = 0.0500.150 was prepared with 2x mole of LiO 0.5 by a solid state reaction method. Table 1 lists the preparation temperatures for all samples. For x = 0.0500.100, they were prepared at 1500°C, the amount of flux addition was less than 0.59 wt %. For larger x (²0.110), preparation temperature was lowered to 1450°C because more flux was added into the (Gd 2¹x Li x )Ti 2 O 7 samples. For the Gd 2 Ti 2 O 7 , it had neither LiO 0.5 substitution nor flux addition, which was prepared at 1650°C. All the GLT-2L samples have relative density (listed in Table 1) higher than 97.9(3)%, but for the Gd 2 Ti 2 O 7 , which has a relative density of 92.8(4) only. Apparently, addition of flux and substitution of the Gd site are effective ways to lower the preparation temperature and to increase the relative density of the GLT-2L samples.
In the X-ray diffraction patterns, only the characteristic peaks for the pyrochlore phase were observed. No impurity was found. If there is extra LiO 0.5 co-existence with GLT-2L samples, due to the low quantity and low diffraction power of the Li ion to the X-ray, no LiO 0.5 could be detected. The XRD patterns for all the GLT-2L samples are shown in Fig. 1 . The wavelength of the X-ray beam provided by the NSRRC in Taiwan was 0.495941 ¡, which is about three times shorter than the common X-ray source of the Cu K¡ radiation (1.5418 ¡) so that the diffraction angles in Fig. 3(a) . In which, only one semicircle followed by a low frequency inclined spike (straight line) was observed. The spike is either due to the diffusion of ions in the electrode or the electrode polarization. Such a spike is characteristic of a blocking double layer capacitance, whose value can be estimated from any position on the spike using the equation, ZBB = 1/(2³fC). The symbols of ZBB, f and C are the imaginary part impedance, frequency and capacitance, respectively. In the idea case, the effect of grain, grain boundary and electrodes polarization in a polycrystalline electrolyte could be observed by the Cole-Cole plot and simulated by a model of a resistor-capacitor (RC) pair in parallel. The capacitor, a constant phase element, is used to decide the contribution of the semicircular arcs in the Cole-Cole plot, which either comes from the grain, grain boundary or electrode. . The semicircular arc found in Fig. 3(a) was thus deduced to be the grain impedance and it was the same as the total impedance. Due to the big grains and high relative density, no contribution from the grain boundary was observed. The impedance Cole-Cole plot for the Gd 2 Ti 2 O 7 was shown in Fig. 3(b) . Two semicircular arcs could be identified. The contribution from Journal of the Ceramic Society of Japan 123 [5] 367-373 2015 the grain, grain boundary and electrode were identified in the figure. The total impedance from zero to the end of the grain boundary semicircle is used to determine the total electrical conductivity of the Gd 2 Ti 2 O 7 . The appearance of the grain boundary conductivity is probably due to the relative density of the sample and the grain size. For Gd 2 Ti 2 O 7 , without flux addition and Li ion substitution, both grain size and relative density were lower than the GLT-2L samples.
The impedance data measured at 500°C for a GLT-2L with x = 0.110 and the Gd 2 Ti 2 O 7 are shown in Fig. 4 . The equivalent circuit models used for the analysis are also displayed in Fig. 4 . They are in the series connection form (R g //C g )(C e ) and (R g //C g )-(R gb //C gb ), respectively for the GLT-2L and Gd 2 Ti 2 O 7 . In which, the symbols, 'g', 'gb' and 'e', represent the grain, grain boundary and electrode, respectively. The symbols of R and C in parallel represent the corresponding resistance and the universal capacitance in each contribution. The main resistance contribution in a GLT-2L with x = 0.110 was from grain, which was shown in Fig. 4(a) . For all the GLT-2L samples measured at all temperatures, no grain boundary contribution was observed and all of them were looked similar.
The electrical conductivity (·) measured at 700°C of the GLT-2L samples as a function of the substitution amount of x are shown in Fig. 5(a) . The GLT-2L with x = 0.110 sample has the highest electrical conductivity, 6.17(6) © 10 ¹5 S·cm ¹1 at 700°C in the GLT-2L system. All of them had electrical conductivity in the range of 2.51(2) © 10 ¹6 6.17(6) © 10 ¹5 S·cm ¹1 at 700°C. For x < 0.110, conductivity increased with increasing the amount of substitution. Chemical formula of these samples were (Gd 2¹x Li x )-Ti 2 O 7¹x , increasing the amount of substitution, more oxygen vacancies were created, which was an advantage for the oxygen ion conduction. In addition, the migration distance is shortened between the oxygen ion and the interstitial sites due to the shrinking of the unit cell by introducing the smaller Li + ions into the bigger Gd-site. Unit cell size is one important factor governing the ionic conductivity. Unit cell parameter and bond distance are directly related to the unit cell size. Thus, Fig. 5(b) plots the · with respect to the bond distance of the AO (1), where A is the Gd-site and O (1) is one of the oxygen sites, 48f. The highest electrical conductivity shown in Fig. 5(b) is GLT-2L with x = 0.110 with the unit cell parameter of 10.1828(2) ¡ and the AO(1) bond distance of 2.5320(1) ¡. Increasing the amount of dopant, unit cell shrank, bond distance shortened and vacancies were created. When x = 0.110, optimal conditions were reached. When x > 0.110, electrical conductivity decreased that were probably related to the amount of dopant and flux. In general, in a series of studies, optimal conductivity was observed at certain amount of dopant. Every series has its optimal value. No universal rules has been found yet. Wuensch et al. prepared two series of samples, Y 2 (Sn y Ti 1¹y ) 2 O 7 and Gd 2 (Sn y Ti 1¹y ) 2 O 7 . They found an optimal conductivity for each series with y = 0.4 at 1000°C. Due to the size difference between Y and Gd, unit cell size of these two series is different. As a result, the bond distance of the YO (1) is not the same as the GdO (1) for the sample having the optimal conductivity. , respectively. 28) The former has Yb and Mg substitution and the latter has no dopant, the sample with the optimal conductivity has different unit cell a-axis, 10.450 and 10.595 ¡, respectively so that the bond distance is not the same too. Therefore, different dopants, either at the A-site or the B-site create optimal conductivity with different unit cell size and bond distance. There seems no universal value to correlate to the optimal conductivity with these two parameters. Figure 6 was the Arrhenius plots of the Gd 2 Ti 2 O 7 and a GLT-2L with x = 0.110. Actually, all the samples obeyed the Arrhenius equation well and the correlation values (R 2 ) found for all the samples were in the range of 0.99100.9988, quite close to 1. That indicated that the ionic diffusion process was thermally activated. For the Gd 2 Ti 2 O 7 , electrical conductivities contributed from the grain, grain boundary and total were all plotted in the figure and shown in the figure. In which, the grain conductivity was more like the total conductivity than that of the grain boundary contribution. Therefore, grains dominated the electrical conductivity of the Gd 2 Ti 2 O 7 . On the other hand, only one semicircle was observed in the GLT-2L Cole-Cole plot so that only one straight line was fitted for the sample. For all the GLT-2L samples, they all had the similar results, thus only one sample with x = 0.110 was shown in the Fig. 6 in order to present the figure clearly.
The activation energies of the GLT-2L samples as a function of the substitution amount of x were shown in Fig. 7 . All of the samples have the activation energy in between 0.95(3) and 1.12(2) eV. Among them, the GLT-2L with x = 0.110 sample has the lowest activation energy [0.95(3)eV], because it had the optimum doping amount, vacancies and self-flux. However, for the x > 0.110, the activation energy increased gradually, because the binding force between anion and cation were increased by shortening the bond distance. And the excess self-flux would remain at the grain boundary region and hinder the oxygen ion conduction from a grain to another one. That may the same reason with the tendency of conductivity shown in Fig. 5 .
Electrical conductivity and activation energy obtained by Mori et al. 15) and Kramer et al. 20) for the Gd 2 Ti 2 O 7 are 1.00 and 1.03 © 10 ¹5 S·cm ¹1 at 700°C, and the activation energy of both are about 1.04 eV, respectively. In this report, the grain, grain boundary and total electrical conductivity of the Gd 2 Ti 2 O 7 are 1.15(1) © 10 ¹5 , 3.41(3) © 10 ¹5 and 0.955(4) © 10 ¹5 S·cm ¹1 at 700°C, and the grain, grain boundary and total activation energy are 1.07(1), 1.24(3) and 1.09(1) eV. That can be found the energy barrier of the oxygen ion to cross over the grain boundary is larger than the one diffusion among unit cells in a grain. The total activation energy is closer with grain contribution that means the contribution of grain dominants the conductivity of Gd 2 Ti 2 O 7 . The value of activation energy is similar but slightly difference from the other reports, which might be caused by the different relative density or preparation method. In addition, the large E a of grain boundary is the reason of the slightly higher E a of the Gd 2 Ti 2 O 7 in this paper than the other reports. The Gd 2 Ti 2 O 7 in this paper has a relative density of only 92.8(4)% and sample with lower relative density is disadvantageous in ionic transport. The activation energies of almost all the GLT-2L samples are smaller than the Gd 2 Ti 2 O 7 , that might be related to the relative density (Table 1 ) and the larger grain size (lower grain boundary density).
Total electrical conductivity as a function of the oxygen partial pressure measured at 600 and 700°C for the GLT-2L with x = 0.110 is shown in Fig. 8 . Electrical conductivities do not change with respect to the oxygen partial pressures varied from 10 to 100%. In order to understand the contribution from electronic conduction in every operating temperature, EMF (electromotive force) was measured at 500, 600 and 700°C. Gas mixture of oxygen and argon was introduced to one side of the oxygen concentration cell, and another side was exposed in ambient air as a reference. Theoretical potential was calculated by the Nernst equation for the oxygen concentration cell. 23) Table 2 lists all the ionic transference numbers (t i ) for all samples at different temperatures. It is interesting to find that t i was neither related to the amount of Li ion doping, nor to the quantity of the flux added if it was measured at the same temperature. The average of t i was calculated and listed at the last row of Table 2 and plotted in Fig. 9 . For all the samples measured at 500°C, t i was 1.00(2), 2% uncertainty was the standard deviation. No electronic conduction was found. All of them were pure ionic conductors, though samples containing Ti atoms which could have multi-valence states. 29) Ionic transference numbers of these materials decrease gradually with increasing the measuring temperature. At 600 and 700°C, the average transference numbers of the samples are 0.97(3) and 0.94(5), respectively. The electronic transference numbers is 0.03 and 0.06, respectively. Increasing temperature, the fraction of the electronic conductivity increased. Apparently, the semiconducting energy gap of these materials is larger than their ionic transporting activation energy. In general, the related compounds, such as, TiO 2 has a gap of 3.2 eV, 30) Bi 2 O 3 has a gap of 2.8 eV 31) and BaTiO 3 has a gap of 3.3 eV. 32) The energy gap of the Gd 2 Ti 2 O 7 is about 1.09(1) eV. The major contribution of the electronic conductivity is probably coming from the mixed valence of the Ti atom and that is not related to the substitution amount of LiO 0.5 substitution and the flux addition. The ionic transference number of the Gd 2 Ti 2 O 7 had been reported by Kharton et al. They also show the decrease of the t i with increasing the measuring temperature. 33) 
Conclusions
Addition of LiO 0.5 self-flux into the (Gd 2¹x Li x )Ti 2 O 7 system, preparation temperature was reduced for 200°C (from 1650 to 1450°C) and the relative density of the GLT-2L samples was also higher than that of the Gd 2 Ti 2 O 7 . Therefore, adding the LiO 0.5 as a self-flux can reduce the melting point of (Gd 2¹x Li x )Ti 2 O 7 more than 200°C. Grain grows bigger for the GLT-2L due to the existence of the self-flux. Electrical conductivity measurement on the GLT-2L, no grain boundary contribution is observed. Electrical conductivity increased with increasing the amount of substitution, vacancies and self-flux. When x = 0.110, it had the highest electrical conductivity and the lowest activation energy. For x > 0.110, too much flux was added and small grains of LiO 0.5 were clearly found on the SEM images. That might be the reason to reduce the electrical conductivity and to increase the activation energy. Electrical conductivity had been improved successfully by partially substituting of the Gd-site by the Li ion and meanwhile to create oxygen vacancies. The GLT-2L sample with x = 0.110 had a lower activation energy and higher conductivity than the Gd 2 Ti 2 O 7 . No electronic conduction is observed at 500°C. However, increasing temperature to 600 or 700°C, ionic transference number decreases gradually. Samples become mixed conductors. The Ti atoms in the samples are in the mixed-valence states. Fig. 9 . Average transference numbers and the standard deviation of the ionic conduction as a function of the temperature for the(■) GLT-2L with x = 00.150.
